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The energy dependence of competing fragmentation pathways of protonated peptide 
molecules is studied via laser desorption-chemical ionization in a Fourier transform ion 
cyclotron resonance spectrometer. Neutral peptide molecules are desorbed by the technique 
of substrate-assisted laser desorption, followed by post-ionization with a proton transfer 
reagent ion species. The chemical ionization reaction activates tile protonated peptide 
molecules, which then fragment in accordance with the amount of excess energy that is 
deposited. Chemical ionization forms a protonated molecule with a narrower distribution of 
activation energy than can be formed by activation methods such as collision activated 
dissociation. Furthermore, tile upper limit of the activation energy is well defined and is 
approximately given by tile enthalpy of the chemical ionization reaction. Control over the 
fragmentation of peptide ions is demonstrated through reactions between desorbed peptide 
molecules with different reagent ion species. The fragmentation behavior of peptide ions 
with different internal energies is established by generation of a breakdown curve for the 
peptide under investigation. Breakdown curves are reported for tile peptides Val-Pro, 
VaI-Pro-Leu, Phe-Phe-G ly -Leu-Met -NH 2, and Arg-Lys-Asp-Val-Tyr.  The experimen- 
tally derived breakdown curve of Val-Pro has been fitted by using quasi-equilibrium 
Rice-Ramsperger-Kassel-Marcus theory to model the unimolecular dissociation of the 
protonated peptide to provide a better understanding of the mechanisms for tile formation of 
fragment ions that originate from protonated peptides. (J Am Soc Mass Spectrom 1995, 6, 
1069-1078) 
I 
n the last two decades, mass spectrometry has 
played an increasingly important role in the analy- 
sis of biomolecules. Much of tile success associated 
with tile analysis of peptides and proteins has resulted 
from the development of new desorption-ionization 
methods, such as fast-atom bombardment [1], electro- 
spray ionization [2, 3], and laser desorption [4, 5], that 
provide the ability to measure the molecular weights 
of large biomolecules directly. These methods have 
been used together with tandem mass spectrometry to
obtain data that can be used to determine the sequence 
of amino acids in a peptide. The tandem mass spec- 
trometry methods that have been used to examine 
peptide structures include collision activated issocia- 
tion (CAD) [6-13], surface-induced dissociation (SID) 
[14-20], and photodissociation (PD) [21-28]. Although 
ion activation plays an important role in peptide mass 
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spectrometry, few studies have examined the details of 
the energetics and kinetics of peptide ion decomposi- 
tion. We report here the results of a quantitative study 
of the energy dependence of common peptide frag- 
mentation reactions. 
CAD, the most widely used method of ion activa- 
tion, has well established capabilities to sequence and 
identify post-translationally modified peptides [29, 30] 
and peptide fragments produced by the enzymatic 
digestion of proteins [9]. Although CAD has been 
highly successful to fragment peptide ions smaller 
than m/z  3000 and readily produces tructurally sig- 
nificant ions, its utility to study the controlled energet- 
ics of fragmentation is limited due to the wide distri- 
bution of energies imparted to the precursor ions [31, 
32]. The more recent echnique of surface-induced dis- 
sociation (SID) also has been applied to the analysis of 
peptides. In contrast o CAD, SID deposits a relatively 
narrow distribution of energies into a precursor ion 
[33]. However, this energy is difficult to determine 
quantitatively [34]. SID studies of ions for which the 
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energetics of fragmentation have been well character- 
ized show that only a fraction of an ion's laboratory 
energy is converted into internal energy. For example, 
for W(CO,~ ), 13~ of the kinetic energy of the ion is 
converted into internal energy by SID [35]. More recent 
work, which used self-assembled monolayers to coat 
the collision surface, allows a different fraction of lab 
energy to be converted into internal energy during SID 
[36, 37]. Wysocki and co-workers [37] have demon- 
strated the formation of a strong series of sequence- 
specific ions formed by SID of singly and doubly 
charged peptide ions formed by electrospray ioniza- 
tion. In addition to these collision methods, the use of 
photodissociation (PD) has been investigated as a 
means to obtain structural information from peptide 
ions. In particular, infrared multiphoton dissociation 
has been found to provide efficient fragmentation of 
peptide ions. Studies of energy dependence of ion 
fragmentation are best carried out bv single photon 
dissociation, so that the energy deposited into the 
precursor ion can be well characterized. Photodissocia- 
tion is of limited utility for such fundamental studies 
because peptides are transparent throughout much of 
the visible and ultraviolet spectrum. Strong absorption 
occurs only in fairly limited regions, for example, be- 
low 220 nm. 
As an alternative to the above-mentioned ion acti- 
vation methods to dissociate biomolecules, we have 
investigated the use of chemical ionization as a means 
to deposit a well defined amount of energy into laser- 
desorbed peptide molecules [laser desorption-chem- 
ical ionization (LD-CI)] [38-41]. In these studies, laser- 
desorbed peptide neutral molecules P, of proton affinity 
PA(P), are allowed to interact with protonated reagent 
ion species RH + of proton affinity PA(R), as in reaction 
1. The internal energy of PH ' is approximately equal 
to minus the enthalpy of proton transfer, a number 
that can be obtained by calculating the difference be- 
tween the proton affinity of the reactant (R) and the 
peptide molecule (P), as in eq 2 [42]. Therefore, the 
internal energy of PH + can be varied in a controlled 
manner by the choice of reagent ion RH ÷. It is the 
selective use of reagent ions that allows control over 
the fragmentation of the peptide. 
RH '+ P --, PH++ R (1) 
&H = PA(R) - PA(P) (2) 
In an effort to better understand the energetics of 
peptide ion dissociation, we have used LD-CI to gener- 
ate energy-dependent mass spectra of peptides. The 
data can be plotted as a breakdown curve, that is, a 
plot of the fractional intensities of the ions in a mass 
spectrum versus the internal energy of the molecular 
ion, to provide detailed information about the frag- 
mentation channels of a peptide ion and about the 
energy dependence of the rates of dissociation into 
these channels. Previous breakdown curves that were 
generated for simple compounds aimed to compare 
experimentally derived data with those calculated by 
theory. These types of experiments were applied to 
problems uch as to distinguish isomeric molecules for 
which the electron impact spectra are nearly identical 
[43, 44], to establish bond dissociation energies or 
isomerization barriers [45], and to control the extent of 
fragmentation [46]. Here, we report breakdown curves 
for Val-Pro (VP), Val-Pro-Leu (VPL), and the pen- 
tapeptides Phe-Phe-Gly-Leu-Met-NH_~ (FFGLM- 
NH 2) and Arg -Lys -Asp-Va l -Tyr  (RKDVY). Some of 
the details of the fragmentation can be extracted from 
a comparison of such data to calculated breakdown 
curves obtained via Rice-Ramsperger-Kassel-Marcus 
(RRKM) theory. 
Experimental 
All experiments were performed in a Fourier trans- 
form mass spectrometer (FTMS) designed and con- 
structed at the University of Georgia specifically for 
LD-CI studies. The details of this instrument have 
been published [40]. Briefly, tile mass spectrometer 
consists of two vacuum chambers, separated by a gate 
valve, which accommodates the introduction and 
transfer of solid sample probes from an antechamber 
to the main vacuum chamber that houses the analyzer 
cell. The main vacuum chamber is pumped by a 330 
L /s  turbomolecular pump to a base pressure of 2 x 
10 n~ torr. The magnetic field is induced by an electro- 
magnet operated at 1 T. Reagent ions for the chemical 
ionization of peptides are prepared by electron bom- 
bardment of a volatile gas or gas mixture admitted 
through one or more pulsed valves. The reagent ions 
are trapped in a cubic analyzer cell and allowed to 
react with peptide neutral molecules desorbed from 
the surface of a sample stub that is supported 5 mm 
outside an opening in one of the analyzer cell detection 
plates. The execution of all the experimental events, as 
well as data collection and manipulations, are con- 
trolled by the data system (IonSpec, Irvine, CA). 
The desorption of peptide neutral molecules is per- 
formed by using substrate-assisted laser desorption 
(SALD) [47]. With this technique, an amount of sinap- 
inic acid (Aldrich Chemical Co., St. Louis, MO) that 
corresponds to 500 monolayers (100 ng /mm 2) is ap- 
plied to a stainless steel probe by electrospraying a 
methanol solution of the organic substrate. The equiva- 
lent of 500 monolayers of a peptide sample (100-500 
ng /mm 2) is applied on top of the sinapinic acid film, 
also by electrospraying a methanol solution. An ex- 
cimer laser provides the pulsed ultraviolet radiation 
for desorption of the peptide samples. The 248 (KrF) 
and 337-nm (N 2) lines of the excimer laser are used to 
desorb peptide samples from the organic substrate. 
The irradiance of the laser light incident upon the 
sample is in the range of 1-10 MW/cm 2. All mass 
spectra are recorded from a single laser shot, with a 
spot size of 0.25 mm 2, which corresponds to approxi- 
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mately 100 pmol of sample desorbed per mass spec- 
t ru  I l l .  
The RRKM calculations used to determine the theo- 
retical rate constants for the unimolecula." dissociations 
of protonated VP employ the method of steepest de- 
scent to evaluate the .-educed energy level densities 
and sum of states [48]. The cornputer program that 
carried out this algorithrn was written in-house by 
using Turbo Pascal TM (copies of the program are avail- 
able from the authors upon request). The accuracy of 
the RRKM program has been evaluated by modeling 
the unimolecular decomposition of dioxane, for which 
the kinetic behavior is known (Dunbar, R. C., private 
communication). The accuracy of the program for the 
calculation of energy level densities for reactants that 
contain free rotors has been verified by the investiga- 
tion of the "small" and "large" and models described 
bv Forst and Prasil [48]. The vibrational frequencies of 
the protonated molecule of VP used in the RRKM 
calculations are obtained by semiempirical (AM1) cal- 
culations. The appearance nergies of the fragment 
ions are taken from the mass spectral data. The ther- 
mal energy for a room temperature reactant ion is 
added to the activation energy. The reaction path de- 
generacy in modeling the kinetic behavior of both 
fragments i assumed to be unity. The intercepts of the 
abscissa on the calculated breakdown curve reflect the 
slowest reaction rate that can be observed with our 
experimental sequence [300-ms delay between LD and 
detect event; k(E) = 3.3 s ~]. 
Results and Discussion 
Proton Transfer Thermodynamics 
For quantitative studies of the energetics of ion decom- 
position, the use of chemical ionization (CI) as a means 
of ionization-activation ffers distinct advantages over 
other methods that induce fragmentation. One advan- 
tage is that CI produces ions with a well defined upper 
limit to the energy distribution [42]. The proton trans- 
fer reaction that leads to chemical ionization is a type 
of chemical activation. Chemical activation long has 
been used to produce an activated complex with a 
narrow internal energy distribution [49]. In high pres- 
sure ion sources that are used for CI experiments in 
most mass spectrometers, collisional damping of the 
activated ion broadens its initial internal energy distri- 
bution and reduces the average internal energy. How- 
ever, in the FTMS CI experiment, reagent gases are 
introduced in a pulse and the proton transfer to the 
peptide occurs at low pressure (< 10 '~ torr), which 
prevents collisional damping of the activation energy. 
In contrast o electron impact ionization or collisional 
activation, which produce broad energy distributions 
with a long tail at Jligh energy, those generated by CI 
will have a much narrower energy distribution, with a 
maximum internal energy determined by eq 2 [42], as 
shown schematically in Figure 1. For exothermic reac- 
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Figure 1. Hypothetical curves that illustrate the probability of 
forming an ion with a given internal energy [P(E)] versus 
energy (E) for chemical ionization (CI) and electron impact (El). 
Each CI curve represents ionization with a different reagent ion. 
The CI curves represent the energy distribution imparted by the 
ionization reaction. Further collisions with reagent or sample 
molecules could lead to broadening of the distribution on the 
low energy side. 
tions, tile CI process also occurs at or near 100% 
efficiency, that is, 100r4 of the ion-molecule collisions 
result in proton transfer. This provides a very sensitive 
method of ionization, and as well as makes it a good 
method for coupling with pulsed vaporization tech- 
niques such as LD. 
The maximum energy deposited into an analyte 
molecule by proton transfer CI is equal to minus the 
enthalpy of the proton transfer reaction, when we 
assume tile formation of an ion-molecule complex that 
is sufficiently long lived for the energy to be dis- 
tributed among all vibrational modes. Because the 
vibrational modes of the peptide greatly outnumber 
those of the reagent, all excess energy is assumed to be 
distributed within the peptide. For example, protona- 
tion of the peptide RKDVY by CH~ yields a collision 
complex with 105 atoms and 309 vibrational modes. 
The methane molecule that results from proton trans- 
fer has five atoms and nine vibrational modes. If we 
assume that energy is divided evenly among all vibra- 
tional modes, the methane neutral would carry off 3% 
(9/309) of tile available energy. Similarly, it could be 
argued that protonation of the same dipeptide by 
N~H'  would result in less than 1% of the energy in 
the neutral product N 2. Although the upper limit of 
energy transferred by CI is given by the enthalpy of 
the proton transfer reaction, the lower bound is less 
well defined in these experiments. For LD-CI, the 
reagent gas is introduced in a pulse and the neutrals 
are pumped away before the laser desorption of the 
peptide (P < 10 -s torr). Thus there are no collisions of 
the initially formed peptide ions with reagent neutral 
molecules, in contrast o chemical ionization in a high 
pressure ion source. However, some of the protonated 
molecule of the peptides that are formed by CI may 
have a collision with a second peptide neutral molecule. 
This collision could result in reduction of the internal 
energy of the protonated molecule. Another factor that 
can lead to broadening of the internal energy distribu- 
tion is incomplete quilibration of the energy of proton 
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transfer between the reagent molecule and the analyte. 
This may occur if the ion-molecule complex formed 
by the reaction of the reagent ion and the sample 
molecule is short lived. We assume here that these 
complexes are long lived and that complete quilibra- 
tion of energy occurs among all vibrational modes of 
the complex. However, for the most highly exothermic 
reactions, incomplete quilibration of energy may re- 
duce the amount of energy that is present in the 
protonated peptide. 
The proton affinities of the peptide and of the 
reagent species must be known to determine the en- 
thalpy of the proton transfer. The proton affinities of 
the reagents used in this study are well established 
[50], but the proton affinities of peptides are not. 
Therefore we have measured the proton affinity of the 
peptides studied here by using a bracketing method 
that we have reported previously [51, 52]. Briefly, the 
measurements involve observation of the occurrence 
or nonoccurrence of a proton transfer eaction between 
a peptide and a reference base, as in reaction 3, or its 
reverse reaction, in which P represents a peptide, B a 
reference base, and PH ÷ and BH ÷ their respective 
protonated forms. Proton transfer is expected to occur 
at the collision rate if the reaction is exoergic: 
P+ BH+~PH++ B (3) 
In the forward reaction, SALD is used to generate the 
intact neutral peptide species that reacts with a proto- 
nated reference base. Peptide molecules are allowed to 
react with reagents of increasing basicity until the 
proton transfer eaction is no longer observed; thereby 
an upper limit for the gas-phase basicity of the neutral 
species is established. The technique of matrix-assisted 
laser desorption (MALDI) is used for the reverse reac- 
tion to generate the protonated form of the peptide, 
which reacts with neutral reference bases of decreasing 
basicity until no reaction is observed; thereby a lower 
limit of gas-phase basicity is established. Consistent 
measurements between both the SALD and MALDI 
experiments confirm the gas-phase basicity, from which 
we derive the proton affinity by estimation of the 
entropy of protonation [51]. The mass spectral data 
used to determine the proton affinity of the dipeptide 
VP are shown in Figure 2. Figure 2a and b shows the 
results of the bracketing experiment that established 
the lower limit of the gas-phase basicity (GB) for VP. 
Here, SALD was employed to desorb intact neutral 
molecules of VP that were allowed to react with the 
reference bases trimethylamine and diethylamine. 
When reacted with trimethylamine (GB = 223.3 + 1.5 
kcal/mol), VP was found to abstract a proton from the 
protonated reference base. The absence of a protona- 
tion reaction with diethylamine (GB = 224.1 + 1.5 
kcal/mol), however, indicates that the lower limit of 
the GB of VP was 223.3 + 1.5 kcal/mol. In Figure 2c 
and d, the upper limit of the GB of VP is determined 
by using MALDI to generate the protonated form of 
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Figure 2. Mass spectral data used for bracketing tile proton 
affinity of VP. Reactions of the protonated reference bases (a) 
(tr imethylamine + H)* and (b ) (d ie thy lamine  + H)* with 
neutral VP molecules desorbed via SALD at 337 nm. Reactions of 
VPH*, desorbed via MALDI, with the reference bases (c) 
tr imethylamine (GB = 223 + 1.5 kca l /mol)  and (d) diethylamine 
(GB = 224.1 + 1.5 kcal/mol) .  
the peptide. When trimethylamine was allowed to 
interact with VPH*, no proton transfer reaction was 
observed. Diethylamine was found to undergo proton 
transfer from VPH ~ which established the upper limit 
of the GB of VP to be 224.1 + 1.5 kcal/mol. Together, 
these mass spectra were used to bracket he GB of VP 
to a value of 223.7 + 1.9 kcal/mol (9.70 eV). From this 
value, and with the assumption that the entropy of 
protonation is due solely to the translational entropy of 
the proton (T&S = 9.4 kcal /mol at 350 K, the tempera- 
ture of the ion cyclotron resonance (ICR) cell in these 
experiments), we obtain a proton affinity (PA) of 233.1 
4- 1.9 kcal /mol (10.1 eV). 
Effect of Laser Desorption on Energetics 
of Fragmentation 
When LD is used in conjunction with proton transfer 
CI, it may be expected that under certain conditions, 
the LD step will contribute to the amount of energy 
deposited into the peptide molecule. For instance, we 
have shown that laser desorption at wavelengths that 
are absorbed by the peptide (193-nm LD), the product 
ion distribution reflects not only the energetics of the 
CI process, but also the energy deposited into the 
neutral during the LD step as well [47]. The role of the 
laser desorption wavelength can be examined by com- 
parison of the product ions observed in the LD-CI 
mass spectra of the tripeptide Val -Pro-Leu (VPL) ob- 
tained at different wavelengths. The breakdown curves 
obtained with three laser wavelengths are shown in 
Figure 3. Figure 3a displays the results of LD-CI of 
VPL (Au-Pd substrate; 193-nm laser desorption) with a 
series of increasingly acidic reagent ions, NH~, C2H~,  
and N2OH +, that comprise an energy spread to 1.2-4.2 
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Figure 3. Breakdown curve for VPL obtained via LD-CI with 
differing experimental conditions. (a) 193-nm laser desorption of 
a neat sample, CI by using NH2, C,H~, and N~OH + ( -~H = 
1.2-4.2 eV). (b) 248-nm laser desorption coupled with SALD, CI 
by using NH~, C,H~, N,OH +, and N+H + ( -AH = 1.2-5.0 eV). 
(¢) 337-nm laser desorption coupled with SALD, Cl by using 
NH2, C2H~,, N,OH ÷, and N+H + ( -~H = 1.2-5.0 eV). 
eV for the activation of the protonated tripeptide ion. 
(The estimates of the energy of protonation are based 
on a PA of 10.2 eV for the tripeptide, which has been 
determined by bracketing measurements [51]. Data 
from the LD-CI of VPL that employed the technique of 
substrate-assisted laser desorption (sinapinic acid sub- 
strate; 248-nm laser desorption) with the same series of 
CI reagents and for N2 H+ ( -AH .... ) = 5.0 eV) are 
presented in Figure 3b. It is apparent that the b 2 and Y2 
ions of VPL are diagnostic of the amount of internal 
energy present in the protonated parent ion, with the 
Y2 favored at higher energies and the b 2 favored at 
lower energies. The ."crossover" region of the curves, 
in which the Y2 and b 2 ions have the same relative 
abundance, is characteristic of the internal energy of 
the parent ion. In Figure 2a, this occurs at ~ 3.3 eV; 
however, in Figure 3b this crossover appears at 4.2 eV, 
which is 0.9 eV higher. Based on this comparison, the 
data suggest hat laser desorption at 193 nm (Au-Pd 
substrate) forms gas-phase peptide molecules with ap- 
proximately 1 eV more internal energy than those 
formed by substrate-assisted laser desorption [47]. We 
also have investigated the use of 337-nm laser desorp- 
tion in conjunction with the substrate-assisted ap- 
proach for laser desorption of "cool" peptide molecules 
(Figure 3c). Here, the curves cross at 4.4 eV, which 
suggests that the peptides have 0.2-eV less internal 
energy than those formed by using 248 nm LD. The 
restllts of this study can be understood by considera- 
tion of the electronic spectra of peptides. Peptides uch 
as those studied here have much higher molar absorp- 
tivity at 193 nm (10,000 M- ] /cm)  than at 248 nm, 
(< 100 M- t /cm)  whereas the organic substrate--  
sinapinic ac id iabsorbs  trongly at both wavelengths 
(> 10,000 M I/cm). The data suggest that more en- 
ergy is imparted to a peptide when LD occurs at a 
wavelength that is strongly absorbed by the sample. 
The desorption of even cooler peptide molecules at 337 
nm is likely a result of the large difference in molar 
absorptivities between the substrate (ff337 ~ 15,000 
M- I / cm)  and the peptide (Es37 = < 100 M- i / cm) .  
For the experiments reported here, we used 337-nm 
laser desorption to minimize the contribution of the 
LD step to the activation of the parent ion. The repro- 
ducibility of LD-CI mass spectra obtained with these 
conditions is striking. The laser energy varies + 10% 
shot-to-shot, and other experimental parameters asso- 
ciated with laser desorption, such as the laser spot size 
and the thickness of the sample and the substrate, 
have similar or larger variations on a sample-to-sam- 
ple basis. In Figure 4, we see LD-CI mass spectra of the 
pentapeptide RKDVY that were acquired on three sep- 
arate days with NH;  as the reagent ion ( -&H = 1.6 
eV). Figures 4a and b (desorbed from a stainless teel 
sample probe) show data acquired from separately 
prepared samples on consecutive days, from which 
variations in ion abundance are approximately +10%. 
In contrast, Figure 4c shows the mass spectrum ac- 
quired under conditions in which the peptide acquired 
thermal energy during LD. The sample was desorbed 
from a Macor sample stub coated with a 75-nm Au-Pd 
film. The relatively thick stainless steel allows rapid 
diffusion of heat away from the probe surface, while 
the Macor acts to localize heat near the surface of the 
probe, which causes the desorption of internally "hot" 
peptide molecules or neutral peptide fragments. The 
presence of the c2 and c 3 fragment ions in Figure 4c, 
which are absent in Figures 4a and b, is believed to be 
the result of localized heating of the ceramic sample 
probe. The significance of these results is that varia- 
tions of the laser desorption parameters ( ubstrate cov- 
erage and irradiance) that almost certainly are present 
do not appreciably affect the mass spectra. The frag- 
ment ions formed in the mass spectra obtained with 
the metal probe tip and by using 337-nm SALD appear 
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Figure 4. LD-CI mass spectra of the pepticte I",KDVY. Neutral 
peptide molecules desorbed via SALD at 337 nm and ionized 
with NH~. (a) Acquired September 1, 1992, peptide desorbed 
from stainless teel probe. (b) Acquired September 2, 1992, pep- 
tide desorbed from stainless teel probe. (c) Acquired April 30, 
1992, peptide desorbed from Au-Pd coated Macor probe. 
to be determined by the chemistry of the protonat ion 
reaction. 
Breakdown Curves of Peptides 
We have used the LD-CI technique to produce break- 
down curves for peptides, from which the energy 
dependence of ion fragmentat ion can be observed. 
LD-CI mass spectra of the pept ide FFGLM-NH2 are 
shown in Figure 5. The trends in the mass spectra are 
condensed into the breakdown curve, shown in Figure 
6. The most apparent  rend in the breakdown curve is 
the characteristic decrease in the abundance of the 
protonated molecule with increasing internal energy. 
The protonated molecule d isappears  from the mass 
spectrum when it is ionized with N2 H+ ( -AH = 5.2 
eV). The fragment ion [M + H - 44] + occurs from the 
loss of the CONH 2 group from the C-terminus of the 
protonated molecule. The appearance nergy of this 
ion is between 1.3 and 3.2 eV. [M + H - 44] + domi-  
nates the mass spectra when the enthalpy of proton 
transfer is between -3 .2  and -4 .3  eV. Other signifi- 
cant ions that emerge at higher energies ( -AH > 4.3 
eV) are the ions a~, x~, and the z 2. An interesting 
observat ion in these spectra is the lack of y-type ions. 
100 (M+H)I"000 NH4 " ,,(M*H)'*°°o (M÷H)° (CH3)3NH* "AH-1.3 oV C2H5 ' 
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Figure 5. LD-C[ mass spectra of FFGLM-NH~ via SALD at 337 
nm. Proton transfer C] with(CH~)~NH ~ NH~,C~H~,COSH' ,  
COH ~, N~OH " CO, H ' and N~ H ~ represents an energy range 
between 0.2 and 5.2 eV. 
CAD and PD mass spectra of pept ides typical ly con- 
tain y- type ions for almost all pept ides except for those 
that contain a highly basic N-terminus amino acid 
residue, such as arginine or lysine [52-56]. 
A similar study has been carried out for tile pept ide 
RKDVY. The PA of this pentapept ide has not been 
determined yet by bracketing measurements  because it 
is more basic than any of the bracketing compounds  
avai lable for this study. The exclusive presence of tile 
protonated molecule as a result of ionization by 
(CH3)~NH ' (PA = 10.1 eV) impl ies a near thermoneu- 
tral reaction. For this peptide, a reasonable st imate of 
the PA is that it is approx imate ly  equal to that of tile 
amino acid arg in ine- - i t s  most basic amino acid 
residue. The PA of arginine is known to be in excess of 
10.5 eV [51]. Energies of proton transfer reported here 
therefore represent lower limits. The mass spectra 
shown in Figure 7 represent energies deposited into 
the molecule that range from 0.4 [CI with ((CH3)3NH ÷ ) 
100 
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Figure 6. Breakdown curve for FFGLM-NH 2 produced from 
LD-CI spectra. The breakdown curve represents an energy range 
between 0.2 and 5.2 eV. 
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Figure 7, LD,CI mass spectra of RKDVY via SALD at 337 nm. 
Proton transfer CI witl~ (CH3)~NH +, CH3NH~, N H~, H30 +, 
C2H~, and COH ÷ represents an energy range between > 0,4 
and > 4.3 eV. 
tO 4.3 eV (CI With COH+)L The breakdown :curve 
obtained from the res~ting mass spectra is shown in 
F~gure 8. The very basic arginine and lysine residues 
that reside at the N- ter~nus  of the pept ide resul;t in 
the dominance of the N-terminal fragments ions (i.e,, 
b- and  c-type ions) throughout the LD-CI spectra. The 
most abundant ion in the series is b v wifl~ an appear- 
ance energy between 0.4 and i,01 eV, and Which is the 
most abundant ion at  energies greater than L0 eV. 
Another interesting trend observed is the increase of 
the b2 and be intensities with increasing energy. The 
dominance of the b-type ions in these LD~CI spectra 
stands in contrast o previous CAD spectra in w~ch 
the b,type series is p~o~ent  on!y for peptides tha;t 
lack a basic amino acid residue in the molecule [57]. 
The CAD spectra of pep~des that Contain the basic 
arginine residue at the N-terminus were shown to be 
dominated by a-type ions [52~ 53], However, Bueh!er et 
aL [57] have shown that Ci of thermally desorbed 
peptides that contain N-terminal arginine produces 
1:00 G~ o: MH ÷ 
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significant abundances of b4ype ions. This may sug- 
gest a fundamental difference in fragment ion forma-" 
tion between those produced by CI and CAD. Fina*Hy, 
for internal energies greater than 3.0 eV, the intensity 
of thec~ ion grows rapidly with increasing exothermic- 
ity, and shows a fivefold increase in the ion's abtm- 
dance at 3.4 eV compared to that at 3,0 eV. 
Application of Quasi-Equilibrium • 
Rice-Ramsperger- Kassel-Marcus Theory 
Peptide ions are expected to exhibit decomposition 
behavior that is consistent with quasi-equilibrium the- 
ory (QET), and so their various unimolecular decom- 
position ])athways hould depend only on their s~ruc- 
ture and internal energy [58]. Here we fit experimental 
data obtained by LD-CI with br, ea~kdown curves gener- 
ated by RRKM theory to investigate the r~echanisms 
associated with the unimolecular dissodations of pro- 
tonated peptides. In this study, the theoretically de- 
rived breakdown curve for the dissociations of proto- 
nated VP was compared to that obtained experimen- 
tally by LD-CI. The internal energy deposited into the 
protonated molecule spans an energy range of 0.7-4.5 
eV, shown in a series of mass spectra in Figure 9. The 
complete breakdown curve for protonated VP via LD- 
CI is Shown in Figure 10. The predominent fragment 
ions observed in this energy range are a I and Yl. The 
abundance of these ions was modeled with RILKM 
theory. The two adjustable parameters in fitting the 
theoretical data to the experimental data are the critical 
energies of the two fragmentation reactions and the 
number of free rotors lost or gained by the precursor 
ion when it passes through the transition state to 
product ions. With two adjustable parameters, there 
are many combinations that will allow a reasonable fit 
of the data. We have made the assumption that the 
experimentally observed appearance nergies closely 
approximate the critical energies for 'the two pathways. 
,oo .MeNH3 ~H=0.6 eV (M+H)" ,oo NH4'.I eVy, u*H-4,. (M+H)" I, ~°° l i  i Y ' t  I 'EtOH2 '.~ =l.BeV 
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+ -all (ev) Figure 9. LD+CI mass pecba of VP via"SALD fit 337 ran, Proton 
I " + + * C + H + Figure 8. Breakdown curve for RKDVY produced from LD-CI transfer C with CH3N"EI3, N'E'I4, C2HsOH2~H3OH2, 30 , 
spectra. The breakdown curve represents an energy range be- C2H~, COH% N2OH +, :and CH:~ represents an energy a;ange 
t~een > 0.4 and > 43 eV. between 0.6 and 4.4 eV. 
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F igure 10. Breakdown curve for VP  produced from LD-C I  spec- 
tra. The breakdown curve  represents  an energy  range between 
0.6 and 4.4 eV.  
This assumption could be in error if there are substan- 
tial kinetic shifts for the fragmentation reactions. Al- 
though the long time scale of the ICR experiment (300 
ms allowed for fragmentation to occur) allows the 
possibility to observe slow reactions, infrared cooling 
can introduce an "intrinsic kinetic shift," as has been 
described in detail by Dunbar [59]. Thus our approxi- 
mation of the critical energies, although necessary for 
fitting the data, introduces ome uncertainty into the 
fit, and so the results should not be construed as 
quantitatively precise, but rather, as producing a quali- 
tative picture of the ion fragmentation mechanism. A
plot of the unimolecular ate constant (k (E) )  versus 
internal energy (E) for the formation of the a~ and y~ 
fragments that best model the experimental data is 
shown in Figure 11. The experimentally and theoreti- 
cally derived breakdown curves for these competing 
pathways are overlayed in Figure 12. The fractional ion 
abundance of the y] ion (m/:- 116) in the experimental 
breakdown curve was corrected to compensate for the 
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Figure 11. The calculated plot of the unimolecular rate constant 
[k(E)] versus internal energy for the formation of the a I and Yt 
fragments that originate from the protonated molecule of VP. 
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Figure 12. Experimental and calculated (RRKM) breakdown 
curves of tile a I and Yt fragments of protonated VP. Tile solid 
lines represent experimental results whereas the broken lines 
represent calculated kinetic behavior. 
formation of a secondary fragmentation product. As 
depicted in Scheme I, this product is a result of the loss 
of formic acid (46 u) from the Yl, which forms the 
immonium ion at m/z  70 (appearance nergy = 1.9 
eV). Therefore, the contribution of the immonium ion 
to the total fractional ion abundance was added to that 
of tile Yl ion. To model tile behavior of both fragments 
a I and Yl, a vibrational frequency of 1640 cm ~, which 
corresponds to the amide I band, is assumed to be lost 
to the reaction coordinate. The amide I band is a 
normal mode that arises in part from the carbonyl 
stretch that is vibrationally coupled to the C bond N 
stretch and to some extent with tile NH band [60]. Tile 
choice of this frequency is not critical because calcula- 
tions of the rate constants for both fragments were 
found to be only weakly sensitive to this parameter. 
The calculated breakdown curve was fitted to that 
obtained experimentally by selecting the appropriate 
values of critical energy and by making some assump- 
tions about the transition states of the competing reac- 
tions. To model the behavior of the y~ ion, the best 
agreement with experimental results was obtained by 
assuming that the fragment ion is formed via a rear- 
rangement reaction, with one rotational degree of free- 
dom being frozen out in the transition state. This 
assumption is supported by other work that has estab- 
lished that formation of y-type ions occurs with cleav- 
age of the amide bond, accompanied by tile transfer of 
hydrogen atoms to the C-terminal fragment [61, 62]. 
Results obtained by Orlando and co-workers [63] have 
o 
i / 
HI~ CH ~- - -~ CH 
Yl imrnoniurn ion 
m/z 116 nfz 70 
Scheme I 
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extended this investigation and determined that a hy- 
drogen atom attached to nitrogen and not carbon mi- 
grates during cleavage of the amide bol-ld. This sug- 
gests a "t ight" transition state for the formation of the 
y~, consistent with the assumption of the loss of one 
free rotor that p,'ovides the best fit of the RRKM data. 
The theoretically derived behavior of the a I frag- 
ment was shown to fit experimental results best when 
it was assumed to be formed by a direct cleavage of 
the amide bond. Here, one rotational degree of free- 
dom was increased in the transition state at the ex- 
pense of vibrational states. This suggests that the a I is 
formed through a loose transition state prior to dissoci- 
ation. To date, a detailed study of the mechanism of 
a-type ion formation has not been published. How- 
ever, a generally accepted mechanism for the forma- 
tion of the a-type fragments is that it is initiated by the 
formation of a b-type fragment, followed by loss of CO 
to form the immonium ion shown in Scheme II [64, 65]. 
Our experimental findings do not support this mecha- 
nisrn, due to the absence of a b-type fragment in any of 
the mass spectra obtained at lower internal energies. 
On the contrary, we observe the presence of b-type 
fragments within a narrow energy threshold at approx- 
imately 1.1 eV higher in erlergy than the appearance 
energy of the a~. Our data suggest that the formation 
of the a I excludes a rearrangement prior to dissocia- 
tion and is consistent with a direct cleavage reaction. 
Studies of other peptides should allow greater insight 
into the mechanism of the formation of a-type flag- 
ments. 
It is interesting to note that the protonated molecule 
of VP is observed as a minor peak in the mass spectra 
collected for reaction energies greater than 1.5 eV, even 
though the RRKM calculation suggests a dissociation 
rate (> 100 s i) for complete fragmentation should 
have occurred on the time scale of our experiment (300 
ms). As described in the foregoing text, the lower limit 
of the internal energy distribution of the protonated 
molecule produced by chemical ionization is not well 
defined because collisions of some of the initially 
formed protonated ions with other laser-desorbed 
molecules can lead to loss of some of the energy of 
activation. The results suggest that this process occurs 
to a small extent in this experiment. Although this 
reduces the quantitative precision of these measure- 
ments, the results give a good qualitative picture of 
the general trends in reactivity. 
0 
O H G-"----OH O 
L....J CH 
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Conclusion 
We have demonstrated the use of LD-CI to study the 
unimolecular fragmentation of protonated peptides. 
The LD-CI technique allows the formation of proto- 
nated peptide molecules with well defined, discrete 
amounts of internal energy. This allows breakdown 
curves for peptides to be generated irectly from the 
mass spectra. We also have shown that energy de- 
posited into analyte molecules by the LD process can 
be minimized when the SALD technique is used in 
conjunction with 337-nm radiation. 
The energetics of competing fragmentation patterns 
for peptides can be investigated by using QET-RRKM 
theory. Theoretical breakdown curves, produced from 
calculated unimolecular ates of reaction versus inter- 
nal energy can be compared to those obtained experi- 
mentally. However, it is important o recognize some 
of the uncertainties in these experiments that make 
these results more qualitative than quantitative. First is 
that the internal energy distribution of ions formed by 
chemical ionization is not well characterized. As previ- 
ously discussed, collisions of the protonated molecule 
formed by C| can lead to a broadening of the low side 
of the energy distribution. Second is that the internal 
energy of laser-desorbed molecules has not been estab- 
lished quantitatively, although data here suggest that 
this energy is small. Despite these limitations, studies 
svch as these provide qualitative information about 
critical energies and transition states in the formation 
of important peptide fragment ions, and will lead to a 
better understanding of the mechanism of the forma- 
tion of such ions. 
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